RNA recombination between cucumoviruses: possible role of predicted stem-loop structures and an internal subgenomic promoter-like motif  by Suzuki, Masashi et al.
RNA recombination between cucumoviruses: possible role of predicted
stem-loop structures and an internal subgenomic promoter-like motif
Masashi Suzuki,a,* Tadaaki Hibi,a and Chikara Masutab
a Laboratory of Plant Pathology, Department of Agricultural and Environmental Biology, Graduate School of Agricultural and Life Sciences,
University of Tokyo, Tokyo 113-8657, Japan
b Plant Virology Laboratory, Graduate School of Agriculture, Hokkaido University, Sapporo 060-8589, Japan
Received 12 July 2002; returned to author for revision 1 October 2002; accepted 2 October 2002
Abstract
We previously analyzed hybrids of Cucumber mosaic virus (CMV) and Tomato aspermy virus (TAV) that contained CMV RNA2 with
the 3-terminal sequence from TAV RNA2. In this article, we scrutinized the RNA3 molecules in these hybrid viruses by Northern
hybridization and RT-PCR and found some recombinant CMV RNA3 molecules and various recombinant RNA4 molecules whose
3-termini were derived from TAV RNA1 or 2. Sequence analyses revealed that most of the crossover sites for recombination were located
near putative stem-loop structures and an internal subgenomic promoter-like motif. We inoculated in vitro transcripts synthesized from
cDNA clones of the recombinant RNA3 onto N. benthamiana along with either CMV RNA1 and 2 or TAV RNA1 and 2. Although all of
the hybrids were infectious, many sequence deletions and nucleotide substitutions were found when RNA1 and 2 from TAV were used,
which suggests that fidelity of TAV replicase was lower than that of CMV replicase. The possible role of secondary structures and an internal
subgenomic promoter-like motif in RNA recombination is discussed.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
RNA recombination has been reported in many bacterial,
animal, and plant viruses (reviewed in Lai, 1992; Nagy and
Simon, 1997). In plant viruses, important insights have been
derived mainly from research on Brome mosaic virus
(BMV) (Bujarski and Nagy, 1996) and Turnip crinkle virus
(TCV) (Nagy and Simon, 1997; Nagy et al., 1999). Muta-
tions within the BMV 1a protein (the viral helicase, which
is a component of the viral replicase complex) greatly in-
fluence RNA recombination (Nagy et al., 1995). In TCV,
stem-loop structures have been implicated in RNA recom-
bination (Nagy and Simon, 1997, 1998; Nagy et al., 1998,
1999). It is generally believed that viral RNA recombination
is mediated by shifting of viral replicase from one molecule
to another (the replicase-driven, template-switching mech-
anism); RNA recombination events in both BMV and TCV
have been attributed to this model (Nagy and Simon, 1997).
Although Cucumber mosaic virus (CMV) and Tomato
aspermy virus (TAV) are taxonomically related in the genus
Cucumovirus, they are distinguished by serology and nucle-
otide sequence analysis. CMV is classified into subgroups
IA, IB, and II (reviewed in Palukaitis et al., 1992; Roossinck
et al., 1999). The CMV genome consists of three plus-sense,
single-stranded RNA molecules, which are designated
RNA1 to 3 in decreasing order of molecular weight. The 1a
and 2a proteins, which are encoded by RNA1 and 2, re-
spectively, are necessary for viral replication (Nitta et al.,
1988b; Hayes and Buck, 1990). The 3a protein, which is
encoded by RNA3, is involved in viral cell-to-cell move-
ment (Suzuki et al., 1991; Canto et al., 1997). A major
subgenomic RNA (RNA4), which is transcribed from the
negative strand of RNA3 [the start site is nucleotide (nt)
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1184], serves as the mRNA for the viral coat protein (CP),
which is involved in long-distance movement (Suzuki et al.,
1991; Taliansky and Garcia-Arenal, 1995; Kaplan et al.,
1998; Takeshita et al., 2001), symptom determination
(Shintaku et al., 1992; Takahashi and Ehara, 1993; Suzuki et
al., 1995; Sugiyama et al., 2000), and aphid transmission
(Perry et al., 1994). Another subgenomic RNA, RNA4A, is
derived from RNA2 and encodes the 2b protein (Ding et al.,
1994), which suppresses RNA silencing (Brigneti et al.,
1998).
The RNA3 molecules of CMV and TAV are readily
interchangeable under experimental conditions (Rao and
Francki, 1981). Until recently, however, it was believed that
RNA1 and 2 were not exchangeable. Indeed, we reported
previously that one of our hybrid viruses contained both
TAV RNA1 and CMV RNA2 after inoculation with infec-
tious transcripts of TAV RNA1 (T1) and RNA2 (T2) and
CMV RNA2 (C2) and RNA3 (C3), which suggests that the
hybrid loses T2 and contains a heterologous pair of RNA1
and RNA2 (Masuta et al., 1998). In addition, we found that
the hybrid virus [designated T1C2(C2-T2)C3] contained a
recombinant C2 molecule (designated C2-T2) that arose
from recombination between the two RNAs and had the
3-terminal 320 nt of T2. When the inoculum contained T1,
T2, C3, and CMV RNA1 (C1), the progeny hybrid virus
[designated (C)T1T2C3] lost C1 and consisted of T1, T2,
and C3 after several passages through Nicotiana benthami-
ana. Subsequently, Aaziz and Tepfer (1999) induced RNA
recombination under low-level selection pressure using a
mixed infection of CMV and TAV and found that recom-
bination occurred in the 3a gene of RNA3. Recently, Chen
et al. (2002) reported that alstroemeria-infected CMV iso-
lates (subgroup II CMV) contained intermolecular and in-
tramolecular recombinant RNA2 and 3 as a result of the
viral adaptation to alstroemeria. They found that the recom-
bination event occurred in the 3-terminal region and indi-
cated that a hairpin structure might be involved in the RNA
recombination.
Our preliminary experiments showed that the progeny of
our hybrid viruses also contained the other recombinant
molecules. Therefore, this study analyzed the RNA3 and 4
molecules from those hybrid viruses and scrutinized the
crossover sites for recombination.
Results
Detection of recombinant RNA3 and RNA4 molecules
We previously obtained two hybrid viruses, T1C2(C2-
T2)C3 and (C)T1T2C3, between CMV and TAV (Masuta et
al., 1998). Inoculation of T1T2C2C3 resulted in the appear-
ance of T1C2(C2-T2)C3 containing T1, C2, C3, and C2-T2,
whose sequence consisted of the 5-terminal 2752 nt of C2
and the 3-terminal 320 nt of T2. (C)T1T2C3 was derived
from inoculation of C1T1T2C3 and eventually lost C1 after
passages through N. benthamiana.
To determine whether the hybrid viruses contained re-
combinant RNA3 and 4, total RNA was extracted from
leaves that were infected with T1C2(C2-T2)C3 or
(C)T1T2C3 and analyzed by Northern hybridization. The
locations of C-3, C-CP, T-3, and T-CP probes used for the
Northern experiments are shown in Fig. 1A. RNA3 and 4 of
T1C2(C2-T2)C3 were detected by the C-3, C-CP, and T-3
probes (Figs. 1B, 1C, and 1D, Lanes 3 and 5), but not by the
T-CP probe (Fig. 1E, Lane 3). Additional RNA species that
migrated slightly slower than RNA3 were detected by the
C-CP probe (Fig. 1C, Lane 3), while no extra bands ap-
peared in hybridizations with the C-3 probe (Fig. 1B, Lane
3). These results indicate that recombinant RNA3 and 4
molecules with the TAV 3-terminal sequences exist in the
RNA of T1C2(C2-T2)C3. Based on the data from the
Fig. 1. Accumulation of viral RNA in infected N. benthamiana plants. The
locations of the probes on RNA3 that were used for Northern hybridization
(A). Double-headed arrows indicate the regions to which the probes hy-
bridize. The open box indicates an open reading frame (ORF). Total RNA
was extracted and examined for viral RNA recombination (B to E). Lanes
1 and 2, 50 ng of purified CMV-Y RNA and V-TAV RNA, respectively;
Lanes 3 and 4, 250 ng of total RNA from tobacco infected with T1C2(C2-
T2)C3 and (C)T1T2C3, respectively. Lane 5 was exposed five times longer
than Lane 3. The probes are indicated below each blot. The arrow indicates
the position of extra RNA3. The positions of the viral RNAs are indicated
at the left.
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Northern analysis, the extent of two RNA3 bands was sim-
ilar (Fig. 1C, Lane 3), suggesting that the recombinant
RNA3 existed at a similar level to authentic RNA3. By
contrast, the existence of such a recombinant RNA3 (or
RNA4) was not clearly resolved in (C)T1T2C3 by Northern
hybridization (Figs. 1C and 1D, Lane 4). A few bands found
between RNA3 and 4 in Lane 4 of Figs. 1B, 1C, and 1D
could be nonspecific signals or degraded viral RNA, which
was also detected in the previous article (Suzuki et al., 1991;
Kim and Palukaitis, 1997).
To confirm these results, RT-PCR was conducted and the
products were cloned and sequenced. The first strand of the
cDNA was primed with C3(2217) or T2(3074) and the
second strand was primed with either C3(1) or C4(173). The
locations of these primers are shown in Fig. 2A. The frag-
ments amplified with C3(2217) and C3(1) or with C3(2217)
and C4(173) indicate wild-type CMV RNA3 or 4, respec-
tively (Figs. 2B and 2D). The fragments amplified with
T2(3074) and C3(1) or with T2(3074) and C4(173) primers
were designated C3T or C4T, respectively (Figs. 2C and
2E). C3T was amplified from the cDNA of T1C2(C2-
T2)C3, but not from the cDNA of (C)T1T2C3 (Fig. 2C,
Lanes 3 and 4), while C4T was amplified from both cDNAs
(Fig. 2E, Lanes 3 and 4). Interestingly, two distinct C4T
bands were detected in the (C)T1T2C3 lane, whereas the
T1C2(C2-T2)C3 lane contained only one C4T band (Fig.
2E). No bands were amplified by PCR using the primer pair
of C4(173) and T2(3074) from the cDNA of T1, T2, and C3
(data not shown), suggesting that two C4T bands were not
artifact.
Junction sites for recombination
V-TAV(J), which was generated from V-TAV after pas-
sages through N. benthamiana and was found to have 2 and
5 amino acid changes in the 1a and 2a proteins, respectively,
compared to V-TAV (Masuta et al., 1998). Sequencing of
the 3-terminal region of V-TAV(J) RNA1 clones revealed
that the nt AAU were inserted between positions 3312 and
3313 of the published sequence of V-TAV RNA1 (Bernal et
al., 1991). Hence the 178-nt sequence at the 3-terminus of
V-TAV(J) RNA1 is identical to that of V-TAV RNA2
(Moriones et al., 1991). The 3-region that encompasses nt
1960 to 2053 of CMV-Y RNA3, which is just upstream
from the tRNA-like structure region, is conserved with more
than 90% sequence identity among cucumoviruses. The
corresponding region of V-TAV(J) RNA1 lies between nt
3134 and 3228; this 95-nt-long cucumovirus conserved re-
gion is hereafter abbreviated CCR.
Sequencing C4T showed that two hybrid viruses con-
tained various recombinant C4 molecules. Twenty-three
clones of C4T were obtained from T1C2(C2-T2)C3, and
seven clones were derived from (C)T1T2C3. The junction
positions in C4T for recombination are summarized in Ta-
ble 1. Three C4T clones from (C)T1T2C3 (C4T-28, -29, and
-30) were recombined within CCR (Fig. 3). These C4T
clones were shorter than the other C4T clones, indicating
that C4T-28, -29, and -30 were cloned from the shorter
fragment, which was found in Lane 4 of Fig. 2E. The other
C4T clones had different recombination junction sites
which were located downstream from CCR in C3 and up-
stream from CCR in T1 or T2. They contained duplicated
CCRs, which were associated with the crossover sites in all
cases. Of the 30 C4T clones, 29 were recombinants of
C4-T1 (head-tail) and only C4T-27 had the tail from T2
(Table 1). The junction positions of the major molecules
were located at nt 2081 for CMV-Y RNA3 and nt 3091 for
V-TAV(J) RNA1.
These results showed that T1C2(C2-T2)C3 not only con-
tained the recombinant C2-T2 molecules, as previously re-
ported (Masuta et al., 1998), but also recombinant C3 and
C4 molecules having the 323-nt 3-terminus of T1 (C3-T1
and C4-T1). Interestingly, C3-T1 coexisted with the wild-
type C3 (Fig. 1B, Lane 3; Figs. 2B and 2C, Lane 3), similar
to C2-T2 and C2 in the hybrid virus (Masuta et al., 1998).
(C)T1T2C3 also retained various recombinant C4 mole-
cules, which coexisted with the authentic C4 (Figs. 2D and
Fig. 2. Detection of recombinant RNA by RT-PCR. The locations of the
four primers used for RT-PCR are indicated by arrows (A). The open box
indicates an ORF. Agarose gel electrophoresis of RT-PCR products from
the total RNA of infected plants (B to E). Lane M contains a 1-kb ladder
(Invitrogen). Lanes 1 to 4 contain the RT-PCR product from purified
CMV-Y RNA, purified V-TAV RNA, T1C2(C2-T2)C3, and (C)T1T2C3,
respectively. The primer pairs are indicated below each gel.
79M. Suzuki et al. / Virology 306 (2003) 77–86
2E, Lane 4). The T1-C3 and T2-C3 recombinant RNAs
were not detected by RT-PCR using primer C-3 and a
primer that corresponded to part of TAV RNA1 or 2 (data
not shown).
Recombinant RNA3 stability following coinoculation with
either CMV or TAV RNA
To investigate whether C3-T1 molecules could multiply
using the replicase of CMV or TAV, we synthesized full-
length C3-T1 clones, C3T(2073) and C3T(2081), from
RNA preparations of T1C2(C2-T2)C3 by RT-PCR using
the primer pair C3(1) and T2(3074). The junction positions
of the two clones indicated in parentheses were the same as
those of C4T-1 and C4T-3, respectively (Table 1). We then
inoculated these transcripts onto N. benthamiana along with
either CMV RNA1 and 2 or TAV RNA1 and 2. The inoc-
ulated plants exhibited symptoms 2 weeks after inoculation.
Total RNA was extracted from the infected leaves and
analyzed by Northern hybridization and RT-PCR. RNA3
bands in C1C2C3T(2081) and T1T2C3T(2081) was not
detected using probe C-3, suggesting that the 3-terminal
sequence of C3T(2081) was not replaced by that of CMV
RNA during replication (Fig. 4A). A broad band for RNA3
in T1T2C3T(2081) was detected using probe T-3 for
Northern hybridization (Fig. 4B). As shown in Fig. 4C, both
T1T2C3T(2073) and T1T2C3T(2081) had at least one extra
molecule of both RNA3 and 4 in addition to the authentic
Table 1
Junction Sites of C4T Clones
Name Donor RNA Positiona Acceptor RNA Positionb Number of clones
RNA from T1C2(C2-T2)C3
C4T-1 C3 2073 T1 3091 1
C4T-2 C3 2079 T1 3091 1
C4T-3 to -21 C3 2081 T1 3091 19
C4T-22 C3 2125 T1 3091 1
C4T-23 C3 2170 T1 3091 1
RNA from (C)T1T2C3
C4T-24 C3 2073 T1 3091 1
C4T-25 C3 2079 T1 3091 1
C4T-26 C3 2157 T1 3091 1
C4T-27 C3 2106 T2 2752 1
C4T-28 C3 2009–2033 T1 3184–3208 1
C4T-29, 30 C3 1987–2003 T1 3161–3177 2
a Nucleotide positions are calculated from 5 end of CMV-Y RNA3.
b Nucleotide positions are calculated from 5 end of V-TAV(J) RNA1 or 2. C3, CMV-Y RNA3; T1, V-TAV(J) RNA1; T2, V-TAV(J) RNA2.
Fig. 3. Sequence junction between C3 and T1 on the minor recombinant RNA4 molecules. The 95-nt-long cucumovirus conserved region (CCR) is enclosed
by an open box. Asterisks show nucleotides that are shared with CMV-Y RNA3. The numbers indicate nucleotide positions from the 5-terminus (Nitta et
al 1988a). Gaps (shown as dashes) are introduced into the sequence to facilitate alignment. The possible crossover sites of C4T-28, 29, and 30 shown in Table
1 are underlined.
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RNA3 and 4 by RT-PCR. In contrast, C1C2C3T(2073) and
C1C2C3T(2081) had no extra band (Fig. 4C). When 20
clones of progeny RNA3 from T1T2C3T(2073) and
T1T2C3T(2081) were sequenced, five were found to have a
deletion of about 100 nucleotides near the CCR (Table 2).
Although nucleotide sequence deletions and substitutions
were found when C3-T1 was coinoculated with T1 and T2,
no deletion was introduced when C3-T1 was coinoculated
with C1 and C2 (Table 2). RT-PCR of the C3T(2073) and
C3T(2081) in the original inocula failed to amplify any
deletion clones, which suggests that the deletion mutants
were not due to errors in the PCR process.
Discussion
In this study, we analyzed the 3-terminal regions of
RNA3 and 4 in two hybrid viruses, T1C2(C2-T2)C3 and
(C)T1T2C3, after five passages through N. benthamiana.
Recombinant RNA3 and 4 molecules in these hybrid viruses
were generated during viral replication, and recombination
hot spots were concentrated near the CCR. Figure 2 reveals
that a small amount of recombinant RNA4 existed in
(C)T1T2C3, whereas recombinant RNA3 was not detected
by RT-PCR. Although recombinant RNA3 may have been
produced, it is possible that it could not compete with the
authentic CMV RNA3. However, various recombinant
RNA4s do not compete with CMV RNA4 in replication,
because RNA4 is subgenomic and transcribed from the
minus strand of RNA3. Therefore, we speculate that the
recombination event observed in (C)T1T2C3 in Fig. 2 oc-
curred during subgenomic RNA4 synthesis. Consequently,
in the case of T1C2(C2-T2)C3, RNA3 molecules seem to be
recombined during plus-strand synthesis. By contrast, re-
combinant RNA4 of T1C2(C2-T2)C3 (C4-T1) can be gen-
erated either directly from the recombined RNA3 (C3-T1)
as subgenomic RNA or during subgenomic RNA synthesis
by template-switching from the authentic C3 to T1.
RNA recombination is generally classified into two
groups: homologous and nonhomologous recombination
(Lai, 1992). However, we prefer the classification proposed
by Nagy and Simon (1997), which is based on structural
differences rather than sequence similarities and contains
three categories: similarity-essential, similarity-nonessen-
tial, and similarity-assisted recombination. Therefore, we
use this classification to explain our recombination events.
The three C4T clones from (C)T1T2C3 (C4T-28, -29, and
-30) were probably generated by similarity-essential recom-
bination. The other C4T clones and C3T clones appear to
have been generated by similarity-nonessential recombina-
tion. The 5-half of the major recombinant C4 could be
Table 2











C3T(2081) 1 90 nt 179
C3T(2081) 1 166 nt No
C3T(2081) 7 No No
C3T(2081) 1 No 118 and 480
C3T(2073) 1 82 nt 116, 227, 232, and 295
C3T(2073) 1 111 nt 368
C3T(2073) 1 158 nt 118
C3T(2073) 4 No No
C3T(2073) 1 No 163
C3T(2073) 1 No 444
C3T(2073) 1 No 560
Inoculation with
C1C2
C3T(2081) 5 No No
C3T(2081) 1 No 97, 222, and 235
C3T(2073) 3 No No
C3T(2073) 1 No 262
C3T(2073) 1 No 436
C3T(2073) 1 No 380 and 436
Fig. 4. Progeny RNA3s in plants that were infected with the recombinant
RNA3, as detected by Northern analysis (A and B) and RT-PCR (C). (A
and B) The lanes contain purified V-TAV RNA, purified CMV-Y RNA,
total RNA infected with C1C2C3T(2081), and total RNA infected with
T1T2C3T(2081), respectively. The viral RNAs are indicated at the left.
The probes are indicated below each blot. The broad band for C3T in
T1T2C3T(2081) is indicated with an asterisk. (C) Detection by RT-PCR of
progeny RNA after inoculation of recombinant RNA3. Lane M is a 1-kb
ladder marker. RT-PCR products and primer pairs are indicated above and
below the gel, respectively. Amplified fragments of C3T and C4T are
indicated at the left and right, respectively.
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derived from C3 [nt 1184 (5-end of C4) to nt 2081] and the
3-half was derived from T1 (nt 3091 to the 3-end).
Since stem-loop structures are important for similarity-
nonessential recombination (Cascone et al., 1993; Carpenter
et al., 1995; White and Morris, 1995; Nagy and Simon,
1998; Nagy et al., 1998; Chen et al., 2002), we scrutinized
the region around nt 2081 of C3. Figure 5 shows the pre-
dicted secondary structure at the junction of the minus
strand of C3 and the corresponding region of T1. The
secondary structures were predicted using the program
mfold version 2.3 by Zuker and Turner (http://www.ibc.
wustl.edu/zuker/rna/form1.cgi) and GENETYX-Mac ver-
sion 8.0 (Software Development, Tokyo, Japan). Nucleotide
2081 of C3 is the major crossover point and is located in the
putative 4-nt loop of a predicted stem-loop structure (Fig.
5A). Nucleotide 2079 is also within the loop, although it is
a minor site. The other minor crossover site (at nt 2073) is
a bulge nucleotide within the stem structure (Fig. 5A). The
corresponding region of C2 can also form a double stem-
loop structure, which is identical to that in C3, and the
junction site of C2-T2 (nt 2908 of C2) is the bulge nucle-
otide (Masuta et al., 1998; Masuta, 2002). A similar struc-
ture was recently proposed for the RNA recombination
found in the CMV alstroemeria isolates (Chen et al., 2002).
In contrast, the corresponding region of T1 forms a putative
9-nt loop with a short stem (Fig. 5B). Since most of the
detected crossover sites seem to be associated with the
predicted secondary structure, we speculate that the double
stem-loop structure may be important for allowing viral
replicase to pause and dissociate from the template. It is
likely that the secondary structure with the 9-nt loop with
the short stem in T1 is so weak that it may be difficult to
serve as a stop for replicase. Consequently, we obtained
only C-T (head-tail) recombinants and no T-C recombi-
nants.
It is interesting that the 5-end sequences of the acceptor
strands at the junctions are identical to the 5-ends of the
subgenomic RNAs that are transcribed from genomic
RNA2 and 3 of cucumoviruses (Fig. 6). These subgenomic
RNAs are designated RNA3B and RNA5 in TAV and in
subgroup II CMV (CMV-Q). Unlike RNA4 and RNA4A,
the 5-end nucleotide of RNA3B and RNA5 is adenine and
seems to be uncapped (Shi et al., 1997), and no open reading
frame is found (Blanchard et al., 1996, 1997; Shi et al.,
1997). In contrast to RNA4 and RNA4A, any reasonable
stem-loop structure was not found upstream of the transcrip-
tion start sites for RNA3B and RNA5 (Chen et al., 2000;
Sivakumaran et al., 2002). These subgenomic RNAs have
not been identified in subgroup I CMV. It is noteworthy that
the 20-nt region is identical to the region close to the 5-end
of the subgenomic RNA from RNA3 of Beet necrotic yel-
low vein virus (BNYVV) (Bouzoubaa et al., 1991). Inter-
estingly, this region has been identified as part of an internal
subgenomic promoter in BNYVV (Balmori et al., 1993).
The 20-nt sequences of CMV-Q and TAV are also consid-
ered to be involved in subgenomic RNA synthesis (Blan-
chard et al., 1997; Shi et al., 1997). Moreover, the 20-nt
motif exists on the 5-end of the acceptor strand of C2-T2
(Masuta et al., 1998). Therefore, we speculate that this 20-nt
internal subgenomic promoter-like motif plays an important
role in RNA recombination. After the viral replicase disso-
ciates from the original template, the 20-nt motif may serve
as a recognition and binding site for replicase, as it does
during subgenomic RNA transcription, and the replicase
Fig. 5. Predicted secondary structure at the hot spot, which might be generated by similarity-nonessential recombination with the minus-stranded CMV-Y
RNA3 (A). The corresponding region of V-TAV(J) RNA1 is also shown (B). The sequence is shown in the minus-strand orientation. Nucleotide positions
are calculated from the 3-end of the minus strand. The corresponding region of CMV-Y RNA2 can be folded into a similar structure (Masuta, 2002).
Asterisks indicate the crossover sites. Circles indicate the nucleotide differences between RNA2 and 3.
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starts further strand synthesis from the 20-nt region. Al-
though a longer sequence domain that includes the 20-nt
motif may be necessary for subgenomic transcription, the
20-nt motif is sufficient for replicase recognition. This hy-
pothesis recognizes the unique feature of this recombina-
tion, i.e., the 20-nt region is always located between two
CCRs. We speculate that recombination between two cucu-
moviruses requires a double stem-loop structure on the
donor strand and an internal subgenomic promoter-like mo-
tif on the acceptor strand. In addition, the 95-nt CCR may
facilitate the hybridization of the nascent RNA (plus-sense)
with the donor strand (minus-sense) and the acceptor strand
(minus-sense). A putative model for the RNA recombina-
tion observed in this study is presented in Fig. 7.
It is almost certain that RNA recombination in cucumo-
viruses is mediated by a template-switching mechanism for
viral replicase. This raises the interesting question of
whether the viral replicase stably maintains the generated
recombinant molecules. To answer this question, we syn-
thesized infectious transcripts of the C3-T1 recombinants
[C3T(2073) and C3T(2081)] and inoculated them onto N.
benthamiana in combination with either T1T2 or C1C2.
When TAV provided the replicase, many sequence dele-
tions were observed, whereas no deletions were found when
the replicase was from CMV. This indicates that the stabil-
ity of the recombinant molecules depends on the nature of
the viral replicase, and that the subgroup I CMV replicase
can facilitate the multiplication of viral RNAs with higher
replication fidelity than TAV replicase. The loss of fidelity
of the TAV replicase may be due to host factors in the
replicase complex, considering that V-TAV, which had
been stably maintained in N. clevelandii, started to accumu-
late many mutations just after transferred to N. benthami-
ana.
Although RNA recombination in cucumoviruses has
been reported previously (Fernandez-Cuartero et al., 1994;
Masuta et al., 1998; Aaziz and Tepfer, 1999; Canto et al.,
2001; Chen et al., 2002), this is the first report to propose the
possible coordination of secondary structures and an inter-
nal subgenomic promoter-like motif in cucumovirus RNA
recombination. To test this hypothesis, we need to manip-
ulate the sequences within the secondary structures and the
putative internal subgenomic promoter, as demonstrated
previously for TCV (Carpenter et al., 1995; Nagy et al.,
1998, 1999) and the stem-loop structure in subgenomic
promoter of CMV RNA4 and RNA4A (Chen et al., 2000;
Sivakumaran et al., 2002).
Materials and methods
Virus and plant materials
An uncloned isolate of V-TAV was kindly supplied by
Prof. Fernando Garcia-Arenal (Depto. de Biotecnologia,
E.T.S.I. Agronomos, Madrid, Spain) and propagated in N.
benthamiana. Compared to the original V-TAV, it had some
nucleotide changes in RNA1 and RNA2; we designated this
derivative virus V-TAV(J) (Masuta et al., 1998). CMV-Y,
which induces yellow mosaic and is a member of subgroup
I, was provided by Japan Tobacco (Yokohama, Japan).
Previously, we constructed infectious transcripts from full-
length cDNA clones of CMV-Y RNA (Suzuki et al., 1991)
and V-TAV(J) RNA (Masuta et al., 1998). We used two
hybrid viruses in this study. T1C2(C2-T2)C3 derived from
T1T2C2C3 is a quadripartite hybrid virus with T1, C2,
C2-T2 (recombinant C2 having 3-terminal 320 nt of T2),
and C3 (Masuta et al., 1998). The other was derived from
C1T1T2C3 (Masuta et al., 1998) and designated
(C)T1T2C3 in this article. The plants used for this research
were grown at 20-25°C under natural light in a greenhouse.
Fig. 6. Comparison of the nucleotide sequences near the internal subgenomic promoter-like motifs of three viruses. Identical 20-nt motifs are underlined. The
5-terminal nucleotide of the corresponding subgenomic RNA is boxed (Balmori et al 1993; Blanchard et al 1996; Shi et al 1997). The sequence location
is specified in parentheses (nucleotide positions from the 5-terminus of the viral RNA). Gaps (shown as dashes) are introduced into the sequence to facilitate
alignment. The major junction position is nt 3091 of V-TAV RNA1. BNYVV, Beet necrotic yellow vein virus.
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Extraction of total leaf RNA
Total RNA was extracted from the upper leaves of N.
benthamiana infected with either T1C2(C2-T2)C3 or
(C)T1T2C3. The extraction procedure was according to
Chirgwin et al. (1979) with certain modifications. Briefly,
200 mg of leaf tissue was ground in liquid nitrogen and then
ground in 1 ml of buffer solution [100 mM Tris–HCl (pH
8.0), 100 mM LiCl, 5 mM EDTA, 1% SDS]. Then, 0.5 ml
of water-saturated phenol and 0.5 ml chloroform/isoamyl
alcohol (24:1) were added and the mixture was vortexed.
After centrifugation, the aqueous phase was precipitated in
2.5 M LiCl overnight at 4°C. The pellet was resuspended in
RNase-free water, treated with phenol/chloroform/isoamyl
alcohol (25:24:1), precipitated with 0.3 M sodium acetate
and ethanol, and washed with 70% ethanol. Finally, the
dried pellet was resuspended in RNase-free water.
Northern blot analysis
The protocols for RNA denaturation, electrophoresis,
and transfer to membranes were as described previously
(Suzuki et al., 1991). Digoxigenin (DIG)-labeled RNA
probes were prepared by in vitro transcription of the cloned
cDNAs, whose inserts were amplified by PCR and sub-
cloned into pBluescript II vectors (Stratagene). The C-3
probe was complementary to the region from nt 2058 to
2217 of CMV-Y RNA3. The C-CP probe was complemen-
tary to the region from nt 1356 to 1966 of CMV-Y RNA3.
The T-3 probe was complementary to the region from nt
2195 to 2386 of V-TAV RNA3. The T-CP probe was
complementary to the region from nt 1223 to 1898 of
V-TAV RNA3. The locations of all the probes are indicated
in Fig. 1A. In vitro transcription was carried out according
to the manufacturer’s instructions (Roche Diagnostics). The
prehybridization buffer contained 5 SSC, 50% deionized
formamide, 0.1% sodium-lauroylsarcosine, 7% SDS, 2%
blocking reagent (Roche Diagnostics), and 200 ng/ml yeast
tRNA. The membrane blots were hybridized overnight at
68°C. Positive signals were detected using the chemilumi-
nescent substrate CSPD (Tropix Inc.).
RT-PCR and cDNA cloning of recombinant RNA3
The first cDNA strand was synthesized from the total
RNA of infected leaves of N. benthamiana using Super-
Fig. 7. Two hypothetical models of RNA recombination. (A) Similarity-nonessential recombination, as observed with C3-T1 and C4-T1. Most of the
recombinants obtained in this study fall into this category. The replicase-nascent strand complex is dissociated from the donor strand just at the double
stem-loop. The replicase switches to the internal subgenomic promoter-like motif. The resultant C3-T1 and C4-T1 are shown at the right. C4-T1 is also
generated via C3-T1 as its subgenomic RNA. (B) Similarity-essential recombination, as observed with C4-T1. We only obtained three recombinants that
belonged to this category. The resultant C4-T1 (C4T-28, -29, -30) is shown at the right. The thin gray and black bars represent negative-strand RNAs of CMV
and TAV, respectively. The thick gray and black bars represent the positive-strand sequence derived from CMV and TAV, respectively. The gray and black
arrows represent nascent RNAs of CMV and TAV, respectively. The vertical checkered rectangles represent the internal subgenomic promoter-like motif,
which may be part of the replicase-binding site. The hatched box indicates the CCR. The open box indicates the ORF region.
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script II RNase H-reverse transcriptase (Invitrogen). The
3-end primer T2(3074) contained a SacI site and was com-
plementary to the 45-nt, 3-terminal region of V-TAV(J)
RNA1 and 2. The C3(2217) primer contained an EcoRI site
and was complementary to the19-nt, 3-terminal region of
CMV-Y RNA. The full-length cDNA of the recombinant
RNA3 was amplified using the primer pair C3(1) and
T2(3074). Primer C3(1), which contained a BamHI site and
a T7-promoter sequence, corresponded to the 21-nt, 5-
terminal sequence of CMV-Y RNA3 (Suzuki et al., 1991).
After digestion with SacI and BamHI, the DNA fragments
were cloned into pUC18 (Takara Shuzo, Japan). The 3-half
of the RNA3 cDNA was amplified using the primer pair
T2(3074) and C4(173) (nt 1356 to 1372 of CMV RNA3)
(Suzuki et al., 1995). The locations of all the primers are
indicated in Fig. 2A. The PCR fragments were cloned into
pUC18 after digestion with HindIII (at nt 1564 of CMV-Y
RNA3) and SacI. Several independent clones were isolated
and the cDNAs were sequenced using ABI PRISM 310 and
377 sequencers (Applied Biosystems).
Infections with RNA transcripts of recombinant RNA3
Biologically active RNAs were transcribed from full-
length cDNA clones of recombinant RNA3. In vitro tran-
scription was conducted essentially according to Suzuki et
al. (1991) using T7 RNA polymerase (Takara). The tran-
scripts were inoculated onto N. benthamiana together with
transcripts from cDNA clones of either CMV RNA1 and 2
or TAV RNA1 and 2. Total RNA was extracted from leaves
2 weeks postinoculation, and the progeny RNAs were
cloned and sequenced as described above.
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